Salinity is a significant factor in affecting resting egg hatching in the euryhaline rotifers. In order to clarify the effects of salinity on resting egg hatchability, this study investigated gene expressions of resting eggs subjected to two different incubation salinities (at 17 and 33 ppt) in the rotifer Brachionus manjavacas. The resting eggs formed at 17 ppt showed a higher hatching rate at 17 ppt incubation salinity, compared to those at 33 ppt. Related to these circumstances, the resting eggs incubated at 17 ppt expressed genes which have putative functions implying cellular differentiation and embryonic development: late embryogenesis abundant protein (LEAs-1), α-amylase, and deaminase. The resting eggs incubated at 33 ppt highly expressed the genes related to the environmental stresses: AP2 transcription factors (AP2TF), and ATP decomposition: ABC transporter permease (ABC-TP), NAD + synthase, copper-translocating P-type ATPase (CTP-ATPase). It is expected that the resting eggs incubated at 33 ppt may need more energy (ATP) to endure saline stress during incubation. The obtained results indicated that the resting eggs regulate their hatching by allocating energy between embryo development and self-defense against environmental conditions like salinity stresses.
Introduction
Rotifer resting eggs are the final product of sexual reproduction, and can endure harsh environmental conditions during the diapause period. After a certain diapause period, the eggs hatch into amictic females. It is generally known that exogenous (e.g., temperature, salinity, food) and endogenous factors (e.g., heredity, generation, aging) (Snell 1987; Hagiwara and Hino 1990; Gilbert 2003; Kim and Hagiwara 2011a ) regulate the quality and quantity of resting eggs (John 2016) . Among the several exogenous factors, salinity can modulate mixis induction. Lubzens et al. (1980) found that mixis did not occur in 100% seawater (salinity ca. 38‰ at 30 °C) in the rotifer Brachionus plicatilis. However, when it was transferred to 50% or 25% seawater, mixis occurred with a high rate. Moreover, salinity also affects resting egg hatching. The hatchability of resting eggs can be modified with saline conditions during formation and hatching. Resting eggs showed higher hatchability when the eggs were incubated at the same salinity as during formation (Kim 1 3 and Hagiwara 2011b) , and the resting eggs formed at lower salinity showed low hatchability with incubation at higher salinity (Pourriot and Snell 1983) .
Rotifers have sensitive molecular systems that trigger the expression of cellular defense and homeostasis genes in response to environmental stressors (e.g., temperature, salinity, UV radiation) (Kim et al. , 2013 (Kim et al. , 2014a Rhee et al. 2011; Wheelock et al. 1999) . Unsuitable salinity conditions affect the reproduction and distribution of hydrosphere organisms like rotifers (Chinnery and Williams 2004) , and stressful conditions increase energy demand required for osmoregulation (Devreker et al. 2009 ). Hence, this process may decrease energy allocated to other biological processes in a limited energy pool (Michalec et al. 2010) . On the other hand, the molecular correlation between salinity-induced stress and a defense/tolerance mechanism in rotifer resting eggs has not been elucidated so far.
In the euryhaline rotifer B. manjavacas, resting eggs under different salinity conditions have the possibility of showing different gene expression related to energy allocation between osmoregulation and embryo development. This study firstly observed resting egg hatchability under different incubation salinity conditions (17 and 33 ppt). Secondly, gene expression was analyzed in relation to the observed phenomena.
Materials and methods

Resting egg production and hatching
This study employed the L-type rotifer Brachionus manjavacas (Australian strain) which has been maintained in the Aquaculture Biology Laboratory (Nagasaki University, Japan) for over a decade at 22 ppt (parts per thousand) at room temperature. The experimental scheme is described in Fig. 1 . For the mass production of resting eggs, the rotifers were cultured in 30 l of 17 ppt artificial seawater with gentle aeration at 25 °C with daily feeding of commercial Chlorella vulgaris (Super Fresh Chlorella V-12, Chlorella Industry Co., LTD, Fukuoka, Japan) for 12 days. Resting eggs were harvested on the last day of culture and then preserved at 4 °C in total darkness for 2 weeks. After the diapause period, the hatching rate of the preserved resting eggs was confirmed with the following methods. Twenty resting eggs were randomly selected and transferred into a well of a 6-well microplate, and incubated at 25 °C under two different photoperiods, i.e., 4 and 24 h using 3000-lux fluorescent light. The incubation salinity was adjusted to 17 ppt for the control and to 33 ppt for experimental groups. To compare their hatchability, a mean of five replicates (n = 5) was calculated under each salinity and photoperiod.
RNA extraction and cDNA synthesis
The preserved resting eggs (about 20,000 eggs) were transferred into 500-ml glass beakers containing 200 ml of either 17 or 33 ppt of sterilized seawater. These eggs were incubated at 25 °C under two different photoperiods (4 and 24 h). The total RNA was extracted with ISOGEN (Nippon gene, Tokyo, Japan) according to the manufacturer's protocol. Subsequently, genomic DNA was removed using TURBO DNA-free™ (Ambion ® , Carlsbad, CA, USA) and then cDNA was synthesized using Advantage ® RT-for PCR kit (Clontech, Tokyo, Japan). The composed cDNA was preserved at − 20 °C until use.
Differential display reverse transcription-PCR (DDRT-PCR)
DDRT-PCR was performed using the Delta™ Differential Display Kit (Clontech, Tokyo, Japan) according to the supplied protocol. The PCR cycle included one cycle at 94 °C for 5 min, 40 °C for 5 min, 68 °C for 5 min; two cycles at 94 °C for 30 s, 40 °C for 30 s, and 68 °C for 5 min; 30 cycles at 94 °C for 20 s, 60 °C for 30 s, 68 °C for 2 min; and one cycle at 68 °C for 7 min. The 30 cycles of synthesis were carried out with an annealing temperature of 60 °C. With the PCR products, electrophoresis was performed using high resolution agarose gel (1.2%, Metaphor ® Agarose, Cambrex, Rockland, USA) followed by staining with SYBR Green (Molecular Probes Inc., Invitrogen, Carlsbad, CA, USA) for 30 min. Using the photographic data, the gene expressions with salinity treatments were compared, and differentially expressed gene fragments were excised from the gels and preserved at − 20 °C. The selected gene fragments were purified and re-amplified with the same methods as the prior amplification. The statement of PCR products was confirmed with electrophoresis using 1.8% agarose gel (Agarose-LE, Classic type, nacalai tesque, Kyoto, Japan) and staining with ethidium bromide (0.5 μg/ml). The target fragments were excised from the gels and purified again using Wizard ® SV Gel and the PCR Clean-Up System (Promega, Tokyo, Japan) according to the technical manual. The extracts of purified cDNA fragments were kept at − 20 °C.
TA cloning and sequencing
The purified cDNA fragments were cloned into the TA cloning vector using pGEM ® -T and pGEM ® -T Easy Vector Systems (Promega, Medison, WI, USA). Blue/ white selection was used for screening the recombinant. Eight white colonies were selected per cDNA fragment. Colony direct PCR was performed using the following conditions: 1 μl of template, 0.5 μl of M13 forward and reverse primer (10 pmol/μl), 0.5 μl of dNTP, 0.2 ul of Ex-Taq (Takara Bio, Japan), 2 μl of Ex-Taq buffer (10×), in a total volume of 20 μl. PCR cycling: 95 °C for 5 min; 35 cycles of 95 °C for 10 s, 58 °C for 10 s, 72 °C for 30 s; and 72 °C for 7 min. The sequencing of target fragments was handled by a biology company (MAP BIOTHCH, Shanghai).
Gene annotation
The sequences were compared with other sequences in the National Center for Biotechnology Information (NCBI) Gene Bank database using BLASTX at the NCBI server (http://blast .st-va.Ncbi.nlm.nih.gov/Blast .cgi?PROGR AM=blast x&PAGE_TYPE=Blast Searc h&LINK_ LOC = blast blas) ( Table 1) . Using the highest score (> 50) and E value (< 1.0 × e-18), it was inferred that the relevant gene function was associated with experimental conditions.
Real-Time PCR
Real-time PCR was used to validate the mRNA levels of certain genes from DD-PCR. Reaction conditions were as follows: 1 μl of cDNA template, 0.5 μl of forward and reverse primer (10 pmol/μl) for each gene, 10 μl of SYBR Premix Ex Taq (2×) (Takara Bio, Japan), 0.4 μl of Rox Reference Dye II (50×), in a total volume of 20 μl. Thermal cycling: 94 °C for 4 min; 39 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s; and 72 °C for 10 min. The CFX96 real-time PCR System (Bio-Rad, USA) was used. The 18S rRNA gene, which is a stable housekeeping gene (Kim et al. 2015) , was used as a reference gene to normalize the transcript level. The 2 −ΔΔCt method was applied to calculate each transcriptional level (Livak and Schmittgen 2001) .
Statistical analysis
The effects of salinity and photoperiod on resting egg hatching rate were analyzed by two-way ANOVA followed by Tukey HSD test. Significant differences in the gene expression levels with different salinities and photoperiods were analyzed with one-way ANOVA followed by Tukey HSD. These statistical analyses were conducted with SPSS version 17.0 (SPSS Inc, IL, USA).
Results
Hatching rate of resting eggs under the different salinities
The hatching rates of resting eggs were affected by salinity (two-way ANOVA, P < 0.001) and photoperiod (P < 0.001).
With 4 h illumination, the resting eggs incubated at 17 ppt (control) showed a higher hatching rate (44.0 ± 14.7%) than those at 33 ppt (7.0 ± 5.7%). The same pattern was observed with 24 h illumination: a higher hatching rate at 17 ppt (60.0 ± 6.1%) compared to at 33 ppt (34.0 ± 5.5%) (Fig. 2) .
Transcriptional expression analysis of DDRT-PCR
We detected 42 differentially expressed gene fragments associated with the incubation conditions, although the BLASTX results only include 15 putative functional genes ( Table 1 ). The resting eggs at 17 ppt under a 4-h photoperiod expressed late embryogenesis abundant protein 1 (LEAs-1), alpha-amylase (α-amylase) and deaminase. The transcripts for regulatory proteins (histidine kinase, HK/histidine kinase regulator, HHKR) and cellular component proteins (TSP1 and CBM14 domain containing protein, TCcP; SRY-related HMG box C protein, SRY-HCP) were observed in the resting eggs incubated at 17 ppt with 24-h continuous light. These proteins have functions such as signal transduction (Wolanin et al. 2002) , cellular differentiation and metabolic processes including anabolism and catabolism for embryonic development. The resting eggs incubated at 33 ppt showed gene expressions related to energy metabolism regardless of photoperiod; i.e., ABC transporter permease (ABC-TP), NAD + synthase, copper-translocating P-type ATPase (CTPATPase), 3-oxoacid CoA-transferase subunit B (3-OCoAT) and NADH dehydrogenase subunit 5 (NADHDnase), transcription factor with AP2 domains (AP2TF).
Transcriptional validation by real-time PCR
Using real-time PCR, we tested the expression dynamics of 15 target genes. These target genes showed significant differences associated with the incubation salinities and photoperiods. The resting eggs at 17 ppt up-regulated genes related to embryo development and biological metabolism, such as LEAs-1, α-amylase, deaminase, HK, and SRY-HCP (Fig. 3a) . However, the higher salinity of 33 ppt induced upregulation of ATPOE, ABC-TP, ECoAH, NAD + synthase, CTP-ATPase, 3-OCoAT and AP2TF, which are involved in the process of energy transportation and environmental stresses (Fig. 3b) .
Discussion
Rotifers and their resting eggs have sensitive molecular systems of cellular defense and homeostasis related to environmental stressors, e.g., temperature, UV radiation, salinity, and toxins (Kim et al. 2013 (Kim et al. , 2014a Rhee et al. 2011; Wheelock et al. 1999; Clark et al. 2012) . On the other hand, the molecular defense to environmental stress has not been clarified so far. Recently, the euryhaline rotifer Brachionus plicatilis has been justified as an osmoregulator since their stress level increased at high salinities with the activity of Na + /K + ATPase (Lowe et al. 2005) . In this study, we observed different hatching rates of resting eggs related to incubation salinity (Fig. 2) . Even under the same photoperiod, the resting eggs showed a different hatching rate related to the incubation salinity. The higher incubation salinity (33 ppt) induced lower hatching rates. This result indicates that the resting eggs may have the same molecular system as the adult rotifers.
The resting eggs incubated at 17 ppt with 4-h lighting showed active embryonic development which can be explained by the following gene expressions (Table 1, Fig. 3a) . Highly expressed genes at 17 ppt, LEAs-1, α-amylase, and deaminase, are also found in the late stages of plant seed embryonic development (Galau et al. 1986) , and their functions include desiccation tolerance, nutritional Fig. 2 Hatching rates of resting eggs incubated at different salinities 17 (control) and 33 ppt for two photoperiods: 4 and 24 h. Each column and error bar indicates mean and standard deviation, respectively. The letters denote significant differences among treatments (a > b > c, Tukey HSD, P < 0.05, n = 5) synthesis and decomposition (Berjak et al. 2007 ). According to previous research, LEAs are the only desiccation tolerant proteins identified in B. plicatilis . LEAs are highly hydrophilic proteins which act as a "molecular shield" playing a role in anti-aggregation and protein stabilization (Tunnacliffe et al. 2010) . The α-amylase is a protein enzyme that hydrolyses polysaccharides, such as starch and glycogen, yielding glucose and maltose (Stedman's 2000) . These sugars could be used as a primary energy source for embryonic development, prior to lipid utilization from the lipid bodies. Deaminase is an enzyme encoded by the CDA gene in humans (Kuhn et al. 1993; Demontis et al. 1999) and involved in the regulation of 5-FU metabolism, which is related to DNA repair. In the initial period of incubation with light, resting eggs expressed environmental tolerance genes to prepare for sudden changes of environment. The previous study (Kim et al. 2015) showed that during 4 h of illumination, a lot of genes associated with light stimulation and embryonic development were expressed, and a similar expression pattern was observed at 17 ppt incubation salinity in this study. On the other hand, the resting eggs at 33 ppt showed a significantly lower expression level of those genes (Fig. 3a) . It is possible that the high salinity repressed expression of the indicated genes, resulting in delayed development. Namely, the high salinity may cause delayed development, and the changed gene expression patterns.
Delayed embryonic development related to environmental stresses was observed with the resting eggs incubated at Fig. 3 mRNA levels of functional genes involved in a embryonic development, and b energy metabolism, which were detected from the resting eggs incubated under different photoperiods (h) and salinities (ppt). Each column and error bar indicates mean and standard variation of three replicates. The 18S rRNA gene was used as a reference gene to normalize the transcript level. The letters denote significant differences among the treatments (a > b > c, Tukey HSD, P < 0.05, n = 3) 1 3 33 ppt under 24 h of illumination (Table 1, Fig. 3b ). EnoylCoA hydratase (ECoAH) and 3-oxoacid CoA-transferase subunit B (3-OCoAT) are important for fatty acid metabolism (Bahnson et al. 2002; Gautam and Liu 2003) . AcylCoA dehydrogenase (ACAD) can change the long fatty acid chains into acetyl CoA through catalyzing fatty acid β-oxidation (Thorpe and Kim 1995) . Fatty acid oxidation has been suggested to be involved in the resting egg hatching progress (Hagiwara et al. 1995) . The previous study (Kim et al. 2015) elucidated that the genes related to the hatching procedure are highly expressed with a 30-min photoperiod. These procedures were occurred with 24 h photoperiod at 33 ppt, therefore, it also implies the delayed embryonic development at high salinity. ABC transporter permease (ABC-TP), NAD + synthase, and copper-translocating P-type ATPase (CTP-ATPase) are expressed in the process of ATP decomposition (Inesi et al. 2014) . The mitochondria can produce cellular energy (ATP) for cellular metabolism, signaling transduction, and growth (Henze and Martin 2003; McBride et al. 2006) . Moreover, AP2 transcription factors (AP2TF), which showed significantly higher expression level at 33 ppt with the 24-h light incubation, are activated in response to environmental stresses such as high salinity (Abogadallah et al. 2011) , heat (Sakuma et al. 2006) , freezing (Yang et al. 2005) , and osmotic stress (Zhu et al. 2010 ). This suggests that resting eggs at 33 ppt need a greater amount of energy to endure salinity stress because of the function of intracellular lipid chaperone, AP2, involved in energy metabolism (Cao et al. 2013) . For osmotic homeostasis, there will be less available energy to be used for cellular and embryonic development, which is the reason for lower hatchability of these resting eggs.
These expressed genes related to incubation salinity and photoperiod suggest that the homeostatic mechanism is under saline stress. At the higher salinity, resting eggs allocate more energy for homeostasis than for embryonic development. If resting eggs are incubated at the optimal salinity for hatching, the eggs concentrate on embryonic development. These results show that rotifer resting eggs have an inducible defense system which responds to external abiotic stress.
